The concept of pseudo-plasmonic surfaces at microwave frequencies is extended to include structures with a high degree of surface anisotropy. The experimental sample is fabricated by patterning a metal with a rectangular array of rectangular holes and is found to support structurally dictated surface plasmon-like modes; the anisotropic dispersion of which results from an ellipsoid of limiting frequencies. By exploiting the anisotropy of the unit cell, the family of higher order surface waves associated with the quantization of the electromagnetic fields within the holes is also explored. It is intrinsically difficult to induce an anisotropic response from planar metal surfaces. However, the concept of strongly bound pseudo-plasmonic or "designer" surface waves, introduced by Pendry et al. 1 in 2004, and the wealth of subsequent studies confirming their existence, 2-11 suggest one might be able to select specifically designed anisotropic electromagnetic properties, simply by choosing the desired symmetry of the structure.
Here, we characterize structurally dictated "designer" surface waves on a near perfectly conducting metal surface pierced by a rectangular array of close-packed, deep rectangular holes. In this arrangement, the fundamental resonance of the structure in orthogonal directions, and therefore, the frequency to which the dispersion of the surface wave is limited, is substantially different. This is in stark contrast to the optical study of Feng et al. 12 where anisotropy is associated primarily with diffraction (i.e., periodicity of the rectangular lattice) that strongly perturbs the dispersion of the surface mode without any variation of the limiting frequencies.
For a rectangular shaped hole of side lengths aŷ and bx, there are two distinct waveguide cut off frequencies given by Eq. (1),
for electric field polarizations directed along the x-and y-axes, respectively, where c is the velocity of light in vacuum and e h and l h are, respectively, the permittivity and permeability of the material filling the holes. Furthermore, when the holes in the surface are sufficiently deep, a family of surface waves can be supported. Previous investigation into the dispersion of these higher order modes has been limited to theoretical studies on periodically structured metal surfaces formed from open groove cavities, 13 and finite depth square 14 and rectangular 15 cross-section holes. It was shown that each band is associated with a resonant mode of the cavity, resulting from the quantization of the field along its length. In this study, in addition to the anisotropy discussed above, we are also able to report the experimental observation of this family of modes. This surface asymmetry provides an additional degree of freedom in the manipulation of electromagnetic radiation using "designer" surface waves. Whilst the width of the rectangular holes in one direction (i.e., aŷ) dictates the resonant frequency for an incident polarization directed along the x-direction, the pitch in the orthogonal direction (i.e., k bx ) dictates the onset of diffraction. Hence, we can independently control these two frequencies and tailor the geometry of the unit cell to separate these two limits, allowing for the excitation and observation of the higher order surface waves in the non-diffracting region. By employing a blade-coupling technique and using phase resolved measurements, we directly map out the dispersion of the modes in the microwave regime.
The sample ( .0 GHz) emitted from a microwave horn is coupled into the surface mode via diffraction at a 0.5 mm parallelsided aperture formed between the sample and an aluminium blade, which lies along either the y-or x-axis. Using a second aperture placed at a distance L 1 along the surface from the first, the surface mode is coupled back into free-propagating radiation, which is then collected and detected via a second microwave horn antenna. A vector network analyser (VNA) is used to record the phase of the signal propagating across the sample. A second set of data is then taken for a larger distance L 2 for the / ¼ 0 orientation (i.e., the incident plane contains the vector along the short axis of the tubes). By subtracting the phase shifts of these two signals and taking the difference in propagation length (L 2 À L 1 ) into account, the phase shift associated only with the mode propagation across (L 2 À L 1 ) is extracted (with the phase shifts associated with the coupling in and out mechanisms removed). From this, the dispersion of each individual surface mode is obtained. When recording the azimuthal dependence of the fundamental surface mode, this correction is not required since its position with respect to the light line is well known. The signal can therefore be compared to that from a flat metal sheet.
Initially, TM-polarized radiation impinges on the sample surface with the incident plane containing the vector along the short axis of the tubes b (/ ¼ 0 ). In this arrangement, we can readily experimentally measure the family of surface modes associated with v a , in the non-diffracting region since the onset of diffraction occurs at 25.0 GHz, significantly above the corresponding resonant frequency of v 0 a ¼ 12.6 GHz of the holes. Figure 2 shows the measured dispersion (circles), together with the predictions from a finite element method model (crosses) for the surface modes associated with / ¼ 0 ; they show excellent agreement. The first-order surface mode asymptotically approaches the fundamental resonance (v 0 a ), and we also observe six further higher order modes in the non-diffracting region. Each surface mode in this series is associated with additional quantization of the fundamental waveguide mode (TE 10 ) (inset Fig. 2(b) ) in the z-direction, and each of these resonances define an upper limit frequency for the respective bound surface modes. Though their surface wave character is clearly apparent from their dispersion, it is also evident in their modelled field distributions. Fig. 2(a) , i-iii illustrate the time-averaged electric field strength of the fundamental, second, and third order surface modes, respectively, with the instantaneous electric field vector distribution superimposed. At the surface, regions of strong field (light regions) are clearly located directly above the metal, whilst the electric-field-line loops are highly reminiscent of surface plasmon fields on metals in the visible regime. 16 The group velocity of each mode diminishes rapidly with increasing wavevector, tending to zero as it asymptotically approaches its limiting frequency. For the majority of modes, however, the signal strength at higher wavevectors is sufficiently weak that they cannot be well characterized.
Consider now TM-polarized radiation impinging upon the sample, rotated to / ¼ 90 so that the plane of incidence contains the long axis of the unit cell. The fundamental resonance of the hole (v b ) is increased such that the first order surface mode now approaches its limiting frequency (v 0 b ) above the diffraction edge (Fig. 3) . It does so while displaying rather limited dispersion, closely following the light line. At around 16.0 GHz in the measured data, the dispersion of the surface mode is slightly perturbed away from the light line as it approaches the Brillouin zone boundary. However, since the width of the mode and the small band gap are comparable in magnitude, the expected discontinuity in the data is not observed. Recording the azimuthal dependence of the dispersion of the fundamental surface mode allows one to generate the contours that describe the surface wave dispersion (inset Fig. 3 ). For the lowest frequency (8.5 GHz), the contour (circles and corresponding line fit) is almost circular while at the upper frequency (12.5 GHz) an ellipse (triangles) clearly demonstrates the expected anisotropic response.
Using structure to control the limiting frequencies of bound surface waves allows one to create a tailored electromagnetic response with the desired surface symmetry. Here, we have characterised the strong anisotropy arising from a rectangular hole structure, where the fundamental surface mode has two distinct asymptotic frequencies in orthogonal directions. Furthermore, because we have been able to separate the onset of diffraction from the cut off frequency of the hole (a consequence of the rectangular unit cell), it has been possible to study the dispersion of the higher order surface modes defined by the higher quantization of the field along the length of the hole. The results obtained accord very well with finite element method modelling.
